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I. 
The electrical double layer surrounding solid particles  suspended 
in water is assumed to be due to a  difference in the concentration of 
the oppositely charged ions of an electrolyte in the enveloping film 
(i.e.  the film of water which adheres to and moves with the particle 
in  an  electrical  field)  and  the  opposite  film.  This  difference in 
concentration is generally ascribed to a preferential adsorption of one 
kind of a  pair of oppositely charged ions by the suspended particle. 
Such a  definition is inadequate inasmuch as the term adsorption in- 
cludes  two  entirely  different kinds  of  forces;  namely,  first,  forces 
inherent exclusively in  the water,  and  second,  forces of attraction 
between the suspended particle and the adsorbed ions.  Forces in- 
herent exclusively in the water are responsible for the cataphoretic 
migration of gas bubbles in water in which the gas bubbles are nega- 
tively charged since the nature of the gas is of no influence on the P.D. 
McTaggart~ suggested that in this case there exists an excess of OH 
ions in the film of water which envelops the gas bubble (adhering to 
and moving with it) ; while the opposite film has an equal excess of H 
ions.  The writer has recently suggested that  this  electrical double 
layer might be due to an orientation of the molecules of water at the 
surface of the water whereby the oxygen atoms of the water molecules 
are turned outwards and the two hydrogen atoms or ions are turned 
inside into the watery  Such an orientation of the molecules of water 
at the free surface might also explain the well known fact that the 
1 McTaggart, H. A., Phil. Mc~g., 1914, xxvii, 297; xxviii, 367; 1922, xliv, 386. 
~  Loeb, J., J. Gen. Physiol., 1922-23, v, 513. 
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smallest particles torn off mechanically from the surface of water are 
negatively charged, since it would be likely that if fine particles are 
torn off from the surface they would carry an excess of OH ions with 
them, leaving behind an excess of H ions.  It is, however, possible that 
the anion responsible for the negative charge in these cases might not 
have been  the OH ion but the anion of an electrolyte present in small 
traces.  Our recent experiments have led us to suspect that such im- 
purities play a greater r6]e in the cataphoretic P.D. of solid particles 
in "pure water" than has been realized.  As has been pointed out by 
Lenard  3 and  McTaggart,  there  can  be no  doubt  that  the electrical 
double layer is in these cases determined entirely by forces inherent 
in  the water itself.  There is no reason why these forces should not 
also influence the cataphoretic P.D. at the boundary of solid  particles 
and water. 
The second source of an unequal distribution of a pair of oppositely 
charged ions at  the boundary of suspended particles  and water are 
forces inherent in the suspended particles whereby ions of a  definite 
sign, either positive or negative, are attracted by the particles.  We 
have a  clear case of the action of such forces when a  substance dis- 
solved in  the water, e.g.  a  protein, forms a  durable  irreversible film 
on the surface of the particle. 
IL 
The influence of ordinary electrolytes, such as HC1, H2SO4, NaOH, 
NaC1, CaC12, LaCla, Na2SO~, and Na4Fe(CN)6, on the cataphoretic P.D. 
of collodion particles in  water has already been described,* but for 
the convenience of the reader Figs. 1  and 2  are reproduced from a 
preceding paper, illustrating the effect of the electrolytes mentioned 
on the cataphoretic P.9. of collodion particles. 
Fig.  1 shows the effect of different concentrations of HC1,  I-I2SO4, 
and NaOH on the cataphoretic P.D. of collodion particles measured 
by microscopic observation of the rate of migration of the particles 
as described in a previous paper, 4 and calculated from these measure- 
ments  with  the  Helmholtz-Perrin  formula  (multiplying by  14  the 
Lenard, P., Ann. Physik,  1915, xlvii, 463. 
4  Loeb, J., J. Gen. Physiol., 1922-23, v, 109. JACQUES LOEB  107 
velocity of migration in cm,  -4 for a gradient of 1 volt per cm. at 20°C. 
The distilled water, before acid or alkali was added, had a pH of about 
5.8  and  the cataphoretic P.D. of the particles was about 30 millivotts, 
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FIG. 1.  Influence of acid and alkali on the cataphoretic P.D. between collodion 
particles and water.  The original pH of water was about 5.0.  The abscissm are 
the  concentrations of acids  or alkali,  the ordinates are  the P.9.  in millivolts. 
The collodion particles were negatively charged.  The line marked "Critical P.D." 
(at  16 millivolts)  is the :P.D. below which  the collodion  suspension is no longer 
stable. 
the particles being negatively charged.  The addition of either acid or 
alkali  increased this negative charge until  a  maximum  was  reached 
which  was  slightly higher for Na0H  than  for  HC1, being about  65 108  ORIGIN  OF DOUBLE  LAYER 
millivolts in  the case of  NaOH  and about  55  millivolts in  the  case 
of HC1.  This maximum was reached when the concentration of acid 
or alkali was between M/I,000 and ~f/500.  A  further increase in con- 
centmtion of the acid or alkali depressed the P.D. again. 
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Fie. 2. Influence of Na4Fe(CN)6,  Na2SO4, NaCI, CaCI=, and LaCI~ on the 
P.D. at pH 5.8.  Addition  of litde salt  with monovalent  cation raises  the P.D. 
to about 70 mfllivolts  and the more rapidly the higher the valency of the anion. 
With CaCI~ only a slight rise and with LaCI3 no rise occurs in the concentrations 
used.  In concentrations above ~r/64 LaCI3 causes a reversal of the sign of charge 
of the particles. 
What interests us here are the following two factsi that the collodion 
particles are always negatively charged and that the addition of acid 
or alkali at first increases the P.D. and the more so the higher tile con- JACQUES LOEB  109 
centration of the acid or alkali added, as long as the concentration 
remains  below  a  concentration  somewhere  between  M/l,000  and 
M/500.  This means that no matter whether we add acid or alkali 
to water of pH 5.8,  the enveloping film of water  (adhering to  and 
moving with  the collodion partide)  will have an excess of anions. 
The fact that the addition of acid to distilled water renders the collo- 
dion  particles more negative is  very strlklng  and  it  suggests  that 
collodion might behave like a  positively charged body always com- 
bining with anions even in acid solution. 
Fig. 2  gives the effect of different concentrations of NaC1, Na~SO4, 
Na4Fe(CN)e, CaC12, and LaC18 on the cataphoretic P.D. of collodion 
particles in water at pH of about 5.8.  Without salt the P.D. of the 
particles was about 22 millivolts, but rose at first with the addition of 
salt, and the more rapidly the higher the valency of the anion, until 
a maximum of about 70 milllvolts was reached, after which a further 
increase in the concentration of the salt caused a  diminution of the 
P.D.  The rise was considerably less when a salt like CaCI~ (or MgCI2, 
BaCh)  was used, and apparently no rise occurred when LaCh was 
added.  In this case a depression of the Pro. occurred even when the 
concentration of the salt was as low as M/32,000.  LaCh reverses the 
sign of charge of the double layer at a concentration of between M/128 
and M/64.  None of the salts  with monovalent or divalent cation 
causes such a reversal in concentrations at which the Pro. can still be 
conveniently measured.  The fact that trivalent or tetravalent ions 
may reverse the sign of cataphoretic charge is a well known and uni- 
versal phenomenon.  McTaggart found that LaCh and Th(NO,)4 even 
make gas bubbles positive3 
The fact which interests us in Fig. 2 is that salts with monovalent 
and divalent cations at first raise the negative charge of the particles 
in cataphoresis (that i% as long as the concentration of the salts does 
not exceed a  certain value).  It may be mentioned incidentally that 
LiC1 and KC1 act on the cataphoretic P.D. almost quantitatively like 
NaCI.  Since in all these cases the enveloping film has an excess of 
anions which at first increases with the concentration of the electro- 
lytes  (LaCla or  ThCI4 excepted), it  again  looks  as if  the  excess of 
anions in the film might be due to a preferential attraction of anions 
by the collodion particle.  With the aid of dyes and  proteins it can 110  ORIGIN  OF  DOUBLE  LAYER 
be shown, however, that cations of these latter substances can form 
durable films on collodion, but that the anions cannot do so.  When 
collodion particles are put into a solution of an acid or basic dye, it is 
found that at pH 5.8 they remove the dye from the solution and are 
themselves stained correspondingly when the dye is basic but less or 
not at all when it is acid.  They thus "adsorb" dye cations, e.g., basic 
fuchsin, neutral red, malachite green, but not dye anions, e.g. acid fuch- 
sin, methyl orange, or congo red.  When solutions of gelatin or albumin 
are used, the collodion particles are covered with a film of gelatin or 
of  crystalline egg albumin  when the protein  is a  cation (e.g.  in the 
case of albumin chloride), but not when the protein is an anion (e.g. in 
the case of Na albuminate).  This suggests that the increase in the 
negative  charge of  the  collodion particles  caused  by  the  addition 
of  ordinary crystalloidal electrolytes, as expressed in Figs.  1 and 2, 
cannot with any degree of  certainty be  attributed to  the  chemical 
forces inherent in  the  collodion,  but  must  be  attributed  to  forces 
inherent  in  the  water,  unless  further evidence to  the  contrary is 
furnished. 
IlL 
Solutions of six dyes were prepared in water of pH 5.8 in concen- 
trations varying from M/2,000,000  to  about  M/256,  i.e.  those  con- 
centrations in which it was possible to measure the rate of motion of 
the particles in  the solution  of the  dye with  the  aid  of dark field 
illumination. 
Fig. 3  gives the results.  A  comparison of Figs.  2  and 3  suggests 
that the salts of the three acid dyes, congo red, methyl orange, and 
acid fuchsin, act like NaC1 or Na4Fe(CN)6; namely, the addition of 
the  dye raises  at  first  the  cataphoretic  P.D. until  a  maximum  is 
reached which lles at a  molecular concentration of the dye between 
M/4,096 and M/l,000; after which a  further increase in  the  concen- 
tration of the dye causes a  diminution of the P.D.  The ions of the 
dye are in this case anions which cannot form a  film on the surface 
of the collodion particles. 
The influence of the three basic dyes on the cataphoretic P.D. is 
entirely different.  These dyes do not raise the cataphoretic P.D. of 
the collodion particles but depress it so powerfully that in concentra- JACQUES LOEB  111 
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Fit. 3.  In~uence  of dye salts on the cataphoretic  ~.D. of collodion particles 
originally  of pH  5.8.  Basic  dyes  (basic  fuchsin,  neutral red,  and  malachite 
green) depress the P.D. and reverse its sign at low concentrations;  acid dyes (acid 
fuchsin, methyl orange, and congo red) act in the way of ordinary salts like NaCI 
(see Fig. 2). 
tions between M/16,000  and ~/4,000  the  sign of the  charge of  the 
particles is already reversed, the enveloping film of water assuming a 
positive  charge.  In  the  case  of basic  fuchsin  the  P.D.  becomes 40 112  ORIGIN  0]~ DOUBLE  LAYER 
millivolts at a  concentration of about ~/1,000 or M/500, the particles 
being positively charged.  In this case the dye exists as cations and 
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F~O. 4.  A basic dye (basic fuehsin) depresses the P.D. of collodion particles and 
reverses its sign not only at pH 5.8 but also at 3.0 and 11.0. 
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these cations form a visible durable film on the surface of the collodion 
particles.  The migration of the particles was measured immediately 
after the collodion particles were put into these dyes.  The depressing 
and reversing action of the basic dyes, e.g.  basic fuchsin,  occurs not 
-70 
-60 
-50 
-4O 
0 
-  // 
-~o  i/i 
-10 
v-~N 
*  Ne atS d  e( 'd  /  :~  ',->,  ~. 
\  :<,\ 
+1o 
1'I  N  N  N  N  1~  I'I  N  N  H  1'f  o ~~~~  ~,%  ~  ~ 
NoJ.~,r' concenteat[on oi'  Na~0 4 
FIG. 5. Proof that  the film  formed on collodion  particles  by a previous treat- 
ment with  dye cations  (basic fuchsin, neutral  red,  safranine) lowers the effect 
of Na2SO4 on the pro., while the effect of this salt on the P.D. of collodion particles 
previously treated with dye anions (acid fuchsin, congo red) is the same as upon 
non-treated particles.  In acid dyes no film of dye is formed on the particles. 
only when the basic dye is dissolved in ordinary distilled water at pH 
5.8 but also when it is dissolved in N/l,000  HC1 or N/l,000  NaOH 
(e.g. at pH about 3.0 and 11.0) as shown in Fig. 4.  The concentration 
at which the dye reverses the sign of charge of the particles increases 
with the pH. 114  ORIGIN  OF DOUBLE  LAYER 
The basic dyes form a more or less durable film on the surface of the 
collodion particles and it seemed of interest to study to what extent 
such a  film might alter the influence of ordinary salts on the cata- 
phoretic P.D. of the particles.  Collodion particles were kept for 24 
hours in 1/10 per cent solution of different dyes.  They were then freed 
from the dye with the aid of the centrifuge and suspended in water of 
pH 5.8 (free from dye).  Those which had been kept in basic dye were 
stained,  while those  that  had been kept in  the  acid dye were not 
stained.  It was expected that the latter particles would behave like 
ordinary particles of collodion not previously treated with any dye; 
while the particles kept over night in a solution of a basic dye would 
retain at their surface a number of dye cations which would diminish 
the negative charge imposed on the particle by the anions  of any 
ordinary salt like Na~SO4.  After having been washed in water of pH 
5.8,  the  collodion particles  were put  into  solutions  of  Na~SO4 of 
different concentrations and their cataphoretic P.D. was measured at 
pH 5.8 in these solutions.  Fig.  5  gives the results.  The collodion 
particles previously treated with acid dyes (acid fuchsin or congo red) 
behaved like non-treated collodion particles, assuming a maximal P.D. 
of over  60  millivolts.  The  particles previously  treated with  basic 
dyes and which were slightly stained assumed a maximal P.D. of only 
45  millivolts or less.  The ions of the dye left at the surface of the 
collodion particles therefore diminished the negative charge due to the 
excess of SO4 ions forced into the stratum of water touching the collod- 
ion particles.  The enveloping film of the collodion particle may then 
in  this case  be  conceived as  being  a  mosaic  of  dye  cations  (held 
chemically at the surface of the collodion particles)  and of SO4 and 
possibly OH ions driven into the enveloping film by forces inherent 
in the water. 
The experiment was repeated with CaC12 as the testing salt and the 
same  difference  was  found.  The  P.D.  of  the  collodion  particles 
previously treated with basic fuchsin was depressed more by CaCI~ 
than  the P.D. of the particles previously treated  with  acid  fuchsin 
(Fig.  6). 
It is, however, worthy of notice that the enveloping film did not 
assume a positive charge at pI-I 5.8 when the collodion particles had 
previously been stained with a basic dye; and furthermore, it is worthy .]'ACQ'IYE  S  LOEB  115 
of notice that in Fig. 5 the character of the curves expressing the in- 
fluence of Na~SO4 on the cataphoretic P.D. is the same in the stained 
and the non-stained particles of collodion.  The only difference is a 
slight diminution of the P.D. in the stained particles.  One might be 
tempted to assume that the dye cations formed only a  small part of 
the area of the enveloping film. 
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Fio. 6.  Proof that the film formed on collodion particles by a previous treat- 
ment with dye cations (basic fuchsin) increases the depressing effect of CaC12 
on the I'.D., while a previous treatment with dye anions (acid fuchsin) has no 
such effect. 
IV. 
The influence of protein salts on the cataphoretic P.D. of collodion is 
of special interest.  The isoelectric point of crystalline egg albumin 
is at pH 4.8, and it was shown in a preceding publication that a protein 
film is formed on the surface of collodion particles kept over night in 
a  weak  solution  of  isoelectric  albumin.~  These  albumin-covered 
collodion particles were separated from the protein solution with the 
centrifuge and were then transferred into water of different pH to 
test the effect of electrolytes on their cataphoretic P.D.  It was found 
5  Loeb, J., J. Gen. Physiol., 1922-23, v, 479. 116  ORIGIN  OF DOUBLE LAYER 
that at pH 4.8  or below,  electrolytes influenced the particles as if 
they consisted of egg albumin, while for pH >  4.8, i.e. on the alkaline 
side of the isoelectric point of albumin,  the particles behaved as if 
the albumin had been dissolved and as if only uncoated  collodion 
particles were left.  In the light of the experiments with dyes these 
results seem clear.  At a pH above 4.8 the albumin forms only anions 
and these are incapable of being bound chemically by the collodion 
particles, while on the acid side of the isoelectric point albumin ions 
exist in the form of cations capable of being bound by the collodion and 
hence forming a durable film on the surface of the particles.  That the 
isoelectric  albumin  is  also  bound  at  the  surface of  the  collodion 
particles is of significance for the theory of the nature of the forces 
by which albumin is held by collodion,  but this problem will not be 
considered in this paper.  On the basis of these experiments it was to 
be expected that at a pH above 4.8, solutions of crystalline egg albumin 
should influence the cataphoretic l'.D. of collodion particles similarly to 
solutions of acid dyes or of ordinary salts; while at a pH of 4.8,  or 
below 4.8, the cataphoretic I'.D. should be depressed in low concen- 
trations of the protein. 
Solutions of crystalline egg albumin varying from 1/500,000  of 1 
per cent to  1 per cent were prepared at five different pH; namely, 
11.0, 5.8, 4.8  (isoelectric point), 4.0, and 3.0, and  the cataphoretic 
P.D. of collodion particles in these solutions was measured immediately 
(i.e.  within less than 5 minutes after the collodion particles had been 
put into the solutions).  Only the experiments with concentrations 
up to 1/16 per cent could be used without making a correction for the 
increase in the viscosity due to the protein in the calculation of the 
cataphoretic 1,.9. from the velocity of migration.  When the concen- 
trations of the protein exceeded 1/16 per cent, the influence of the 
increased viscosi.ty had to be taken into consideration.  The results 
of the experiments are given in Fig. 7.  At pI-I 11.0 and 5.8 the addi- 
tion of albmnin did not alter the cataphoretic I'.D. of the collodion 
particles at all.  To judge from the experiments with acid dyes, the 
sodium  albuminate  could  only have  acted in  this  case  like  NaC1 
or Na2SO,, causing an initial rise of the P.D., but on account of the 
enormously high molecular weight of the albumin molecule--about 
34,000 according to SSrensen--even a 1/16 per cent solution of sodium 
albuminate could have caused no increase in the I~.D. at pH 5.8 or 11.0. JACQUES LOEB  117 
At pH 4.0 and 3.0, where the albumin forms a  durable film on the 
surface of the collodion particles, the negative charge of the collodion 
particles is always annihilated at a low concentration of the albumin, 
1/32,000 and 1/65,000 of 1 per cent respectively, and when the con- 
centration  of albumin  rises  above  this  value,  the  particles  become 
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at pH 3.0 and 4.0.  At pH 4.8, 4.0, and 3.0 where albumin influences  the P.D. 
it forms a film on the collodion particles. 118  ORIGIN OF DOUBLE  LAYER 
positively charged.  The  molecular  concentration  of albumin  where 
this reversal of the sign of charge of the collodion particle occurs must 
therefore  be  in  the  neighborhood  of  10 -9  ~.  This  is  an  order of 
magnitude which possibly approaches that of the efficiency of proteins 
immunity and anaphylaxis. 
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Similar experiments were made with solutions of gelatin and it was 
found that gelatin behaves like albumin, as Fig. 8 shows.  The nega- 
tive charge of collodion particles was reversed in solutions of gelatin 
chloride of pH 3.0 when the concentration of the gelatin was 1/60,000 
of 1 per cent; and at pH 4.0 when the concentration of the gelatin 
was between 1/8,000  and 1/16,000  of 1 per cent.  At the isoelectric 
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FIG.  9. Proof  that  gelatin  forms  a durable  film  on collodion  particles  only  when 
it is isoelectric  or on the acid side of its isoelectric  point. 
point of gelatin the P.D. of the collodion particles was brought to zero 
at a  concentration of about 1/2,000 of 1 per cent, but no reversal of 
the sign of charge occurred. 
When collodion particles were left over night in a  1/10  per cent 
sodium gelatinate solution of pH  11.0  and then separated from the 
protein  solution  by  the  centrifuge,  they behaved  cataphoretically 120  ORIGIN  OF DOUBLE  LAYER 
like particles  not treated  with proteins;  while  when  the  collodion 
particles were left over night in a  1/10 per cent solution of isoelectric 
gelatin (pH 4.7) or of gelatin chloride at pH 3.0, they behaved after 
being separated  from the protein solution with  the  centrifuge like 
gelatin particles.  This difference could be demonstrated by experi- 
ments on the  influence of acids  on  the  cataphoretic P.D. of  these 
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collodion particles  (Fig  9).  The upper curve in Fig. 9 shows that 
when the particles  had previously  been treated  with Na gelatinate  of 
pH ii.0  the addition of acid  caused no reversal;  if there  had been a 
film of gelatin on the collodion  particles  they would have become JACQUES  LOEB  121 
positive under the influence of acid.  Such a  reversal was observed 
when the particles had been treated with isoelectric gelatin or with 
•  gelatin chloride (the two lower curves in Fig. 9). 
V. 
It was then intended to find out whether or not hydrolyzed proteins 
and amino-acids could still act like a protein on the cataphoretic P.D. 
Witte's peptone acted like a  protein though the greater part of the 
original protein used for this preparatign is hydrolyzed.  Migration 
experiments showed that the isoelectric point of Witte's peptone is 
near pH 4.3.  At pH  11.0  the peptone must have existed as anions, 
while at pH 3.0 it must have existed as cations.  Filtered solutions of 
Witte's peptone containing from 1/65,000 to 1/8 of 1 gm. dry weight 
of peptone in 100 cc. of water were prepared at pH 11.0 and 3.0.  Parti- 
cles of collodion were put into these solutions and the rate of their 
cataphoretic migration was determined.  Fig.  10 shows that at pH 
11.0  the peptone had practically no effect on the cataphoretic p.I)., 
while  when the pH was 3.0 a  solution of peptone of  1/32,000  of  1 
per cent reversed the sign of migration of the particles. 
When particles of collodion were kept over night in a 0.5 per cent 
solution of isoelectric peptone and then separated from the peptone 
solution by centrifuging, they behaved in aqueous solutions of different 
salts  (NaC1,  CaCI~, LaC13, Na2SO4, and  Na4Fe(CN)6)  like  protein 
particles, the cataphoretic curves being like  those  described  in  the 
case of casein, denatured egg albumin, etc., thus showing that peptone 
or the non-hydrolyzed protein left in peptone forms a  durable (not 
easily reversible) film on the surface of collodion particles.  This was 
also corroborated by experiments on anomalous osmosis. 
VI. 
When, however, experiments were made with solutions of salts of 
amino-acids like alanine, tyrosine, or leuclne, it was found that they 
always acted like ordinary crystalloidal salts.  Since alanine is very 
soluble, it was possible to work with solutions as high as 1/16 gram 
molecular.  Such solutions of alanine were prepared at three different 
pH, 3.0, 5.8,  and 11.0.  Collodion particles were put into the alanine 
solutions and their rate of migration was measured immediately.  At 122  ORIGIN OF  DOUBLE  LAYER 
pH 3.0 the alanine existed as cations; if alanine acted like albumin or 
gelatin or peptone, it should have reversed the negative charge of the 
collodion particles. 
Fig. 11 shows that no such reversal occurred.  Without salt the P.D. 
of the collodion particles was about 32 millivolts at pH 5.8.  Nothing 
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Fro.  11. Alanine acts on the cataphoretic P.D. like ordinary salts of the type 
NaC1. 
changed until the concentration of alanine exceeded M/1,024 when the 
P.D. dropped.  In  M/32  the  P.D. of the  particles  was  still  negative 
(about  11  millivolts).  Hence alanine  chloride  acted like  NaC1  but 
not like a basic dye or protein chloride on the cataphoretic P.D. of the 
collodion particles. 
At pH 5.8 the alanine  is practically non-ionized and hence should 
leave  the  cataphoretic  P.D. unchanged.  Fig.  11  shows  that  this  is 
true within the limits of the accuracy of the experiments.  At pH 11.0 
the sodium salt of alanine acts as any other salt, e.g. NaCI, would at the JACQUES LOEB  123 
same pH on the  cataphorefic P.D. of collodion particles,  depressing 
the P.D. when the concentration  of sodium alaninate  exceeds ~r/256. 
There is no rise of the P.D. when the concentration of Na alaninate is 
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FIG. 12, Proof that amino-acids form no durable fihn  on collodion  particles. 
HC1 of different concentrations affects the P.D. of collodion  particles kept  over 
night in  1/25  per cent solution of tyrosine in the same way as if the particles 
had not been treated; while particles treated over night in a solution of isoelectric 
peptone are rendered positive When the pH of  the HCI solution falls below that 
of the isoelectric  point of peptone (4.3). 
below this value for the reason that at pH 11.0 the P.D. is already over 
50 millivolts if no salt is added, so that salts can raise it only slightly 
at  pH  I1.0.  NaC1  acts  in  the  same way  on  the  cataphoretic  P.D. 
of collodion particles as does Na alaninate. 124  ORIGIN  OF  DOUBLE  LAYER 
The experiments with amino-acids seem of crucial importance since 
they show the difference between the action of ions which form durable 
films  on  the  collodion particles  and  hence  are  attracted  into  the 
enveloping film by forces inherent in the collodion and of ions which 
do not form durable films.  The amino-add salts no longer act  like 
proteins  or  peptone  on  the  collodion  particles  but  like  ordinary 
crystalloidal salts.  In order to make sure that  the amino-acids do 
not form any durable film on the collodion particles,  such particles 
were left over night in 1/25 per cent solutions of tyrosine or 1/1130 per 
cent  solutions  of  leudne  at  pH  5.8  (near  their  isoelectric 
point).  The  next  day  they were  separated  from  the  solution  of 
amino-add with the aid of a  centrifuge and the influence of different 
concentrations of I-IC1 on the cataphoretic 
tested.  The  upper  curve in Fig.  12 gives 
HC1 influenced the  1,.9. of  these particles 
they had not been  treated  with  tyrosine. 
P.D. of the particles was 
the result, showing that 
in  the  same  way as  if 
If  there  had  been  any 
durable  film  of  tyrosine on  the  particles,  a  low  concentration  of 
acid,  e.g.  that  of  the  isoelectric  point  of  tyrosine,  should  have 
caused a  reversal  of  the  sign  of  charge  of  the particle, which was 
not the case.  When  the particles  were  left  over night in  peptone, 
HC1  reversed the  sign  of charge of the particles already in  a  con- 
centration  of  between  ~t/32,000  and  ~/16,000,  i.e.  when  the pH 
was that of the isoelectric point of peptone (lower curve in Fig.  12). 
This leaves no doubt  that  amino-acids  form  no  durable  film  on 
the  surface of  the  collodion  particles.  It  was found  that  Ieucine 
also acts like tyrosine. 
VII. 
Since McTaggart was  able  to  show  that gas bubbles,  which  are 
naturally negatively charged, assume a positive charge in a solution of 
LaC18, it is obvious that the forces inherent in the aqueous solution 
itself can cause an excess of positive ions in the enveloping film.  This 
does, however, not exclude the possibility that La (and Th) ions are 
also attracted chemically by the collodion particle.  The only way of 
testing this was to find out whether LaC13 (or ThCI~)  acts like basic 
dyes or like protein chlorides, forming durable films which change the 
cataphoretic 1,.9. of collodion particles as do the films of basic fuchsin JACQUES  LOEB  125 
or of proteins.  If durable films are formed on the collodion particles 
by LaCla, it would prove that ordinary salts are dragged into  the 
enveloping film by the chemical forces inherent in the collodion parti- 
cles; while when no durable film is formed such an attraction is not 
absolutely disproved. 
Particles of collodion were kept over night in 50 cc. of M/8 LaC18 at 
pH 3.0 and at pH 5.8.  The particles were then separated from the 
solution with the  centrifuge and  then washed twice with  distilled 
water of pH 5.8 and separated by the centrifuge from this water in 
order to separate the particles completely from the LaC13 solution, 
without removing a  possible  film  of  salt  formed on  the  particles. 
The influence of various concentrations of NaC1 on the cataphoretic 
velocity of the particles was then measured and compared with the 
influence of NaCI on collodion particles not previously treated with 
LaC13.  The pH in all these velocity measurements was 5.8. 
It was found that the influence of NaCI on the I,.D. of the particles 
previously treated with LaC13 was the same as that on particles not 
treated with salt.  There is then thus far no indication that ordinary 
salts like LaCh form durable films on the surface of collodion particles. 
VIII. 
Solid particles suspended in water which are not ionized  (and this 
is possibly true for collodion particles) can only move in an electrical 
field if they attract ions from the water or if ions are forced into the 
enveloping film (which  adheres  to  the  particle  and  moves  with 
it)  by forces inherent entirely in the water.  The experiments con- 
talned in this paper show that both cases may occur.  Proteins and 
basic dyes are attracted chemically by the particles, since both sub- 
stances form durable films on the surface of the particle.  The protein 
ions as well as the dye cations contribute to the electric charge of the 
enveloping film adhering to and moving with the collodion particles. 
The question arises whether not all the charges of the collodion 
particles  are  due  to  such  an  attraction  of  the  ions  of  ordinary 
electrolytes by the collodion  particles.  Our experiments show that 
this is probably not the case, for the following reason.  The collodion 
particles are negatively charged in water and the addition of ordinary 
electrolytes  of the type HC1, H,SO4, NaOH, NaC1, Na,SO,, Na4Fe(CN) e, 126  ORIGIN  OF  DOUBLE  LAYER 
and CaC1, increases the negative charge of the particles as long as the 
concentration of the electrolyte is low.  If this phenomenon were due 
to a  chemical attraction  between particle and solute, it would mean 
that the collodion particle attracts anions but not cations.  Such an 
assumption is, however, refuted by the experiments with dyes and pro- 
teins which show that only dye cations and protein cations are attracted 
but not protein anions.  In all probability the forces of  attraction in 
this case are not ionic at all since isoelectric protein also forms durable 
films  with  collodion particles.  There  remains  then  only  the  other 
possibility that  the negative charge of collodion particles in water and 
the increase of this negative charge through  the addition of low con- 
centrations  of electrolytes is due to forces inherent in the water,  by 
which the extreme surface film of water has an excess of anions. 
If this reasoning is correct, it leads to several interesting conclusions 
concerning the orientation of molecules and ions in the surface of the 
water.  It  is possible that these forces cause a definite  orientation  of 
the  water  molecules  themselves  of  such  a  nature  that  the oxygen 
molecules of the water are turned  outside, while both hydrogen ions 
are turned inwards.  A small fraction of these molecules of water are 
dissociated electrolytically, so that  as a  consequence of  the orienta- 
tion of the water molecules the film of water enveloping the collodion 
particles and moving with them has an excess of anions.  When a salt 
or alkali  with  monovale.nt  cation  is  added  to  the  water,  the  mole- 
cules of the solute at or near the surface will also be oriented in such 
a  way  that  their  anions are  turned  towards  the free surface of  the 
water (or towards the collodion particle), while the cations are turned 
inwards. 
This  tendency of  the  cation  to be  driven farther  away from  the 
interface  and  deeper into  the water  diminishes  apparently  with its 
increasing  valency.  Thus  in  the  case  of  salts  like LaCls or  ThC14 
we  must  assume  that  it  has  disappeared  completely  or  that  it  is 
even  reversed.  McT~ggart  has  shown  that  low  concentrations  of 
LaCln  and  still  lower  concentrations  of  Th(NOt),  suffice  to  render 
gas  bubbles positive  in  cataphoresis.  This means  that  the  ions of 
such  salts  no  longer  orient  themselves  in such  a  way as  to  turn 
their  anions  to the free surface of the water.  Their orientation has 
ceased or may be even reversed.  In this case only the forces inherent 
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In the case of electrolytes with monovalent cation the tendency of 
the anion to go in the enveloping film of the water may increase with 
the valency of the anion, though this is not certain. 
When an  electrolyte is added  which  forms a  durable film on  the 
surface  of  the  particle,  the  situation  is  entirely  different.  In  this 
case the dye cation or the protein cation of the film furnishes part of 
the charge of the enveloping film, while the other part is furnished by 
the excess of anions driven into the film by the forces inherent in the 
water itself. 
We do not know at present the thickness of the enveloping film of 
water which adheres to and moves with the suspended particle; i.e., 
whether  this fi]ra  is only one molecule deep or whether it is several 
molecules  in  thickness.  Since  ordinary  electrolytes  like  NaC1, 
Na~SO4, etc., raise the surface tension of the water it is possible that 
their ions do not reach the outermost layer of the water.  The question 
then arises how the molecules of a salt can influence the cataphoretic 
P.D.  We must, in this case, also assume that the molecules of a  salt 
are oriented in the surface layer but that the orientation occurs in a 
layer beneath  the  outermost surface stratum.  Such an assumption 
was made by Lenard on the basis of his waterfall experiments, which 
led h/m to the conclusion that the outermost surface consists of I-I,O 
molecules and that if salts are dissolved in the water, the cations are 
nearer  to  the surface than  the anions.  Since the addition  of  little 
salt increases the negative charge of collodion particles in cataphoresis, 
it would follow that as long as the concentration of a salt is small and 
the  cations  are  only  monovalent,  the  anions  are  nearer  the 
interface  than  the  cations;  while  with  higher  concentrations  of the 
salts or with higher valency of the cation this difference disappears or 
is reversed. 
The  measurements  of the  rate  of migration  of the particles  were 
carried out by the writer's assistant, Mr. M. Kunitz. 
S~ARY  AND CONCLUSIONS, 
1.  The cataphoretic P.D. of suspended particles is assumed to be due 
to an excess in the concentration  of one kind of a pair of oppositely 
charged ions in  the  film  of water  enveloping  the  particles  and  this 1~8  ORIGIN  OF DOUBLE  LAYER 
excess is generally ascribed to a preferential adsorption of this kind of 
ions by the particle.  The term adsorption fails, however, to distin- 
guish between the two kinds of forces which can bring about such an 
unequal  distribution  of  ions  between  the enveloping film and  the 
opposite film of the electrical double layer, namely, forces inherent in 
the water itself and forces inherent in the particle (e.g.  chemical attrac- 
tion between particle and adsorbed ions). 
2.  It had been shown in a preceding paper that collodion particles 
suspended in an aqueous solution of an ordinary electrolyte like NaC1, 
Na~SO~, Na,Fe(CN)~, CaCI~, HC1, H2SO4, or NaOH are always  nega- 
tively charged, and that the addition of these electrolytes increases 
the negative charge as long as their concentration is below  M/l,000 
until a  certain maximal P.D. is reached.  Hence no matter  whether 
acid, alkali, or a neutral salt is added, the concentration of anions must 
always be greater in the film enveloping the collodion particles than in 
the opposite film of the electrical double layer, and the reverse is true 
for the concentration of cations.  This might suggest that the collo- 
dion particles, on account of their chemical constitution, attract anions 
with a  greater force than cations, but such an assumption is rendered 
difficult in view of the following facts. 
3.  Experiments with dyes show that at pH 5.8 collodion particles 
are stained by basic dyes (i.e.  dye cations) but not by acid dyes (i.e. 
dye anions), and that solutions of basic dyes are at pH 5.8 more readily 
decolor/zed by particles of collodion than acid dyes.  It is also shown 
in this paper that crystalline egg albumin, gelatin, and Witte's pep- 
tone form durable films on collodion only when the protein exists in 
the form of a  cation or when it is isoelectric, but not when it exists 
in  the form  of an anion  (i.e.  on  the  alkaline  side of its  isoelectric 
point).  Hence if any ions of dyes or proteins are permanently bound 
at  the surface of collodion particles  through  forces inherent in  the 
collodion they are cations but not anions.  The fact that isoelectric 
proteins form durable films on collodion particles  suggests, that the 
forces responsible for this combination are not ionic. 
4.  It is shown that salts of dyes or proteins, the cations of which are 
capable  of  forming durable  films  on  the  surface o~  the  collodion, 
influence the  cataphoretic P.D. of  the  collodion particles  in  a  way 
entirely different from that of any other salts inasmuch as surprisingly JACQUES  LOEB  129 
low concentrations of salts, the cation of which is a  dye or a protein, 
render the negatively charged collodion particles positive.  Crystalline 
egg albumin and gelatin have such an effect even in concentrations of 
1/130,000 or 1/65,000 of 1 per cent, i.e.  in a probable molar concen- 
tration of about 10 -9  . 
5.  Salts in which the dye or protein is an anion have no such effect 
but act like salts of the type of NaCI or Na,SO4 on the cataphoretic 
P.D. of collodion particles. 
6.  Amlno-acids do not form durable films on the surface of collodion 
particles  at  any  pH  and  the  salts  of  amino-acids  influence  their 
cataphoretic ~.D. in the same way as NaC1 but not in the same way as 
proteins or dyes, regardless of whether the amino-acid ion is a  cation 
or an anion. 
7.  Ordinary salts like LaC13 also fail to form a  durable film on the 
surface of collodion particles. 
8.  Until evidence to the contrary is furnished,  these facts seem to 
suggest  that  the  increase  of  the  negative  charge  of  the  collodion 
particles  caused by the  addition  of low  concentrations  of  ordinary 
electrolytes is  chiefly if not  entirely  due  to  forces inherent  in  the 
aqueous solution but to a less extent, if at all, due to an attraction of 
the  anions  of  the  electrolyte  by  forces  inherent  in  the  collodion 
particles. 